Abstract: Anthropogenic sources contribute to the bulk presence of cyanide, which causes substantial health and environmental concerns. A petroleum-contaminated soil isolate, Rhodococcus UKMP-5M has been verified to efficiently degrade high concentration of cyanide in the form of KCN in our previous study. In order to enhance the cyanide-degrading ability of this bacterium, different encapsulation matrices were screened to immobilize cells of Rhodococcus UKMP-5M for degradation of cyanide. It was revealed that the biocatalyst activity and bead mechanical strength improved significantly when calcium alginate encapsulation technique was employed as compared to free cells. The results also indicated that the immobilized cell system could tolerate a higher level of KCN concentration and were able to support a higher biomass density. In addition, the embedded cells retained almost 96% of their initial cyanide removal efficiency during the first five batches and the entrapped cell system maintained 64% of its initial activity after eight successive batches. The encapsulated beads could be easily recovered from the production medium and reused for up to five batches without significant losses of cyanide-degrading ability, which proved to be advantageous from an economic point of view. From this study, it could be inferred that the novel Rhodococcus UKMP-5M strain demonstrated high cyanide-degrading ability and the optimized calcium alginate immobilization technique provided a promising alternative for practical application of large scale remediation of cyanide-bearing wastewaters.
Introduction
Large amounts of cyanide and metal cyanides reaching 10 8 kg of cyanide ions (CN − ) are released from various natural and industrial activities per year which pose significant health and environment hazards (Zhou et al. 2007) . Cyanide is a highly toxic metabolic inhibitor (Chapatwala et al. 1993; Chen et al. 2008 ) and thus wastewater containing cyanide needs to be treated before discharging it into the environment. Taking this into consideration, many countries worldwide are imposing strict rules and regulations in order to manage safely the manufacture, transport, storage, use, and disposal of cyanide (Mudder & Botz 2004) .
The existing conventional methods, such as sulphur dioxide-air, alkaline breakdown chlorination and copper catalysed hydrogen peroxide, are deemed inefficient due to low treatment functionality, high capital and operating costs, generation of toxic, undesirable by-products and the preference for treatment of only aqueous-based waste forms (Adams et al. 2001; Mudder et al. 2001) . A proven and viable alternative to chemical and physical treatment processes is biological treatment which can be applied under most conditions and in many configurations including in-situ, aerobic and anaerobic, active and passive, and suspended and attached growth systems (Akcil & Mudder 2003) . In addition, biological cyanide treatment processes have become increasingly widespread especially in the mining industry due to their ability to simultaneously remove multiple contaminants, their relatively low operating cost and ability to produce high-quality effluent (Botz et al. 2005) . It was reported in the literature that under optimal conditions, biological treatment had the ability to attain cyanide removal efficiency equivalent to those obtained through chemical or physical treatment . Besides, the commercial applications of biodegradation processes have been successful which are reflected in the increasing number of operating treatment plants in the USA and Canada (Akcil 2003) .
Studies on the degradation of cyanide were mainly focused on the use of either growing cells or resting cells of fungi and several bacterial strains, such as Klebsiella, Pseudomas and Bacillus (Chen et al. 2008) . Cyanide is metabolized and/or transformed to products that are less hazardous to the environment through biological degradation. Volatilisation, biological metabolism, ad-sorption onto the biomass and chemical reaction with organic compounds are among the different mechanisms that contribute to cyanide degradation in an aerobic biological treatment (Goncalves et al. 1998) . Even though conventional biological processes can degrade a large fraction of pollutants and remove additional materials by biosorption (Patil & Paknikar 1999 ) many hazardous compounds remained poorly detoxified and unaltered through the wastewater treatment facilities due to their toxicity, recalcitrance or inhibition (Jianlong et al. 2001) .
The efficiency and effectiveness of biodegradation can be enhanced by adopting the technology of immobilized cells which offers numerous technical and economic advantages over conventional free cell cultures. Immobilization makes it possible to maintain the cells in a stable and viable state with possible high specific surface area for microbial growth (Dursun & Aksu 2002) . Besides, the immobilized cells are less vulnerable to toxic compounds and exhibit more tolerance towards distress in the reaction environment (Chen et al. 2008) . Moreover, the use of immobilized cells in comparison to resting cells offers many advantages which include the ability to support higher concentration of cell density and eliminate the tedious, time-consuming and costly processes of cell recovery and cell recycle (Zhou et al. 2007 ).
In addition, the stability of the enzymes responsible for biodegradation or biotransformation is enhanced by retaining its natural catalytic surroundings during immobilization which increases thermal stability, resistance to pH changes and protects the immobilized cells from the effect of some chemical reagents (Kowalska et al. 1998 ). On top of that, the immobilization of microbial cells is gaining more importance as opposed to immobilized enzymes because it eliminates the need for release of intracellular enzymes and the succeeding purification steps (Nigam et al. 2009 ).
Biological treatment of wastewater using immobilized systems provides a higher removal efficiency of cyanide (Chapatwala et al. 1993; Zhou et al. 2007; Chen et al. 2008) , offering the potential for improving wastewater treatment and provides solution for challenges associated with solid-liquid separation in settling tanks. Nonetheless, only few studies have been established on the bioconversion of cyanide by cells immobilized in either natural biopolymers or synthetic polymers.
We have reported earlier a novel locally isolated Rhodococcus UKMP-5M strain which had demonstrated promising ability in cyanide degradation (Nallapan Maniyam et al. 2011 ). To date, there are no reports that have been published on cyanide degradation by immobilized Rhodococcus strains to the best of our knowledge. Hence in the present communication, the removal efficiency of cyanide by Rhodococcus UKMP-5M entrapped in calcium alginate, agar-agar and polyurethane foam were addressed by evaluating the cyanide removal efficiency as compared to that of free cells. Furthermore, the best entrapment method for cyanide bioconversion was optimized by varying several immobilization parameters to obtain improvised operational conditions. Finally, the potential effectiveness of reusing the immobilized bacterial cells on cyanide degradation was also examined. These attempted investigations will be able to add value for practical applications for large scale remediation of actual wastewater containing cyanide.
Material and methods

Chemicals
All chemicals used including sodium alginate and agar-agar were of analytical grade and purchased either from Sigma (USA), Fisher Scientific (Singapore) or Merck (Germany) with highest purity available and employed without further purification.
Microorganism
Rhodococcus UKMP-5M, a petroleum-contaminated soil isolate was kindly supplied by the Culture Collection Unit, Institute of Bio-IT Selangor, Malaysia. • C and the pH was left unadjusted. After the early stationary phase was attained (48 h), the content of the production vessel was spun down (Eppendorf 5702R, South Asia) at 419×g for 30 min at 4
Preparation of cell suspension
• C and the supernatant was decanted. The cell pellet was washed twice thoroughly with sterile 0.9% (w/v) sodium chloride solution. Finally, the cell mass was suspended in 200 mL of the same sterile sodium chloride solution and the optical density of the cell suspension was adjusted to 1.000 corresponding to 2 g/L dry cell weight. The resting cells were subsequently used for immobilization as well as for free cell biotransformation of cyanide.
Immobilization of cells in calcium alginate
A 3.5% (w/v) sodium alginate solution was dissolved in boiling water and sterilized by autoclaving (HVE-50, Hirayama, Japan) at 121
• C for 15 min. Bacterial suspension amounting to 2 g/L dry cell weight was added to sterile sodium alginate slurry to obtain an appropriate cell to alginate ratio and mixed thoroughly. The homogenous blend was then introduced into a sterile 10 mL hypodermic syringe and extruded dropwise into a gently agitated pre chilled 0.3 M calcium chloride solution from about 5 cm height. The extruded mixture instantaneously gelled into approximately 1.8-2.0 mm diameter spheres upon contact with calcium chloride solution. The resulting beads were kept for curing at 8
• C for 2 h prior to filtration through a sieve and rinsed repeatedly for 4 to 5 times with sterile distilled water to eliminate excess calcium ions and unentrapped cells. Finally, the hardened beads were used for biotransformation. Control beads prepared without cell biomass were generated in the same manner as above by mixing sterile sodium chloride solution with alginate paste.
Immobilization of cells in agar-agar
A 3.5% (w/v) of agar-agar was dissolved by heating at 100
• C and subsequently autoclaved at 121
• C for 15 min. The agaragar was cooled to 40-50
• C before adding an appropriate quantity of resting cells (2 g/L dry cell weight) aseptically. The mixture was then subjected to gentle stirring to acquire homogenous slurry and the desired cell to agar-agar ratio. The homogenous blend was taken into a sterile 10 mL hypodermic syringe and pressured to drop into mildly stirred, pre-chilled paraffin from a distant of 5 cm. Particles of approximately 1.5-2.1 mm in diameter were formed and the immobilized beads were left to stabilize in paraffin for 2 h. The resulting beads were washed twice with ethanol and sterile distilled water, respectively, before using them as biocatalysts. Control beads were established following the exact procedures as above without cell suspension.
Immobilization of cells in polyurethane foam
Polyurethane foam was purchased from Fisher Scientific Sdn.Bhd. (Malaysia) with a density of 38 kg/m 3 . The foam was cut into 1 cm × 1 cm × 1 cm cubes, washed with distilled water and dried at 30
• C overnight. The dried polyurethane cubes were then weighed and placed into universal bottles, sealed tightly with caps and sterilized via autoclaving at 121
• C for 15 min. Whole cells amounting to 2 g/L dry cell weight were added to the production vessel and the content was stirred gently on a magnetic stirrer for 2 h prior to use in experimentation. Control as cell free foam was established by substituting sterile sodium chloride for cell suspension.
Bioconversion of cyanide
The bioconversion of cyanide was carried out in screwcap bottles containing approximately 100 beads or cubes of the entrapped Rhodococcus UKMP-5M bacterial cells. Following this, an adequate volume of 0.1 M KH2PO4/K2HPO4 buffer (pH 7) was added to 50 mM filter-sterilized KCN in order to attain the acquired 12 mM concentration of cyanide. The mixtures in triplicate for each type of immobilization were then incubated in a rotary shaker operated at 150 rpm for 10 h at 30
• C. Control experiments were established in identical conditions without any entrapped cultures. Samples for analysis were harvested after 10 h of incubation under sterile conditions. Aliquots of the resulting clear supernatant measuring to 100 µL were withdrawn and diluted to 10 mL before assaying for remaining cyanide in triplicate. Biotransformation with free cell system was carried out by substituting the immobilized particles with 2 g/L dry cell weight of whole cells. Colorimetric standards were plotted for quantitative analysis and calibration curves were generated for each individual test with R 2 = 0.999.
Parameters investigated for optimization of calcium alginate matrix For the preparation of beads with optimal cyanide-degrading activity coupled with good mechanical strength, various concentrations of sodium alginate (2-4% w/v), calcium chloride (0.1-0.5 M), different cell to alginate ratios (1:1, 1:2, 1:3, 1:4 and 2:1), number of beads (50-250 beads), bead sizes (1.8-2.0, 3.0-3.2 and 5.0-5.2 mm) and curing time (30-150 min) were investigated.
Reusability of gel matrix
After obtaining the optimum cyanide removal efficiency which was after 10 h of incubation, the immobilized beads were recovered by filtration through a sieve. The beads were washed with sterilized 0.9% (w/v) sodium chloride solution and soaked in a 0.3 M calcium chloride solution for 2 h. Then, the beads were rinsed again with a solution of sodium chloride and added to a fresh production medium containing 12 mM KCN and 0.1 M KH2PO4/K2HPO4 buffer. Finally, the bioconversion of cyanide was carried out as described above and the process was repeated for several batches until the cyanide removal efficiency deteriorated substantially.
Analytical methods Determination of cyanide removal efficiency. The concentrations of cyanide were determined spectrophotometrically (Biomate 3, Thermo Scientific, USA) by a modified barbituric acid method against an established standard curve in the range of 0.0-0.1 mM KCN (Nagashima 1977) . Determination of cell mass. The amount of entrapped cells in alginate and agar beads and leaked cell from the gel capsules were determined by rinsing specified quantity of alginate or agar beads with distilled water. The alginate capsules were then dissolved in 1% (w/v) sodium citrate solution, whereas for that of agar-agar, the beads were aseptically crushed by a sterile glass rod with sterile water. Meanwhile, enumeration of viable cells in polyurethane foam and cell escape were carried out by rinsing the foams with sterile distilled water. The concentrations of the immobilized cells were then quantified by tearing the polyurethane foams into fine pieces using sterile forceps to dislodge the cells. The liberated cells were separated by centrifugation at 11000×g for 15 min, washed twice with 0.9% (w/v) sodium chloride solution and oven dried at 80
• C (Carbolite, UK). The attachment efficiency was calculated as the fraction of the total viable cells that was immobilized, whilst cell release was estimated by dividing the dry cell weight of released cell to total population.
Bead size measurements. A vernier caliper was used to measure the bead size. At least ten different beads were selected for measurements and averaged.
Statistical analysis. All experiments were carried out in triplicate. Experimental errors were estimated and depicted by error bars (standard error) typically with three determinations. All data were analyzed by using SPSS version 17.0. Comparison between groups was performed by using Duncan analysis. A one way ANOVA test (95% confidence interval) was used to evaluate differences between groups and p < 0.05 was considered statistically significant.
Results and discussion
Immobilization of Rhodococcus UKMP-5M on different matrices Comparative data on the removal efficiency by free cells and different carrier of immobilized cells of Rhodococcus UKMP-5M is shown in Figure 1 . There were no remarkable differences between cells entrapped in agar beads and polyurethane foam as compared to that of free cells with 46, 52 and 48% degradation respectively. However, there was noticeable increase in the percentage of degradation amounting to 73% when cells immobilized in alginate beads were used to eliminate cyanide, a substantial 34% elevated cyanide-degrading activity in comparison with that of suspended cells.
The present data indicated that the immobilized cells of Rhodococcus UKMP-5M in alginate carrier were more pronounced in degrading 12 mM cyanide in the form of KCN significantly higher as compared to other carriers (p < 0.05). Similar observations were reported by Chen et al. (2008) whereby only 12% of removal efficiency was noted when free cells were used to remove 6 mM KCN as compared to that of 20% degradation with alginate encapsulated cells. It was also interesting to observe that the novel isolate, Rhodococcus UKMP-5M possessed appreciably higher cyanide-degrading ability in comparison to previously published reports. Chen et al. (2008) reported a mere 26% degradation of 6 mM KCN by immobilized cells of Klebsiella oxytoca after 20 h of reaction, whereas it took 24 days for immobilized cells of Trichoderma koningii to degrade 8 mM of cyanide completely (Zhou et al. 2007 ).
The utilization of alginate gel beads stands out as the most promising and versatile method since it requires very mild conditions (Adinarayana et al. 2005) and can be carried out in a single-step process and thus compatible with most living cells. Besides, sodium alginate is readily available, cheap and it is a non-toxic biological material with high loading capacity (Dursun & Aksu 2002) . Therefore, the findings from the present study, which revealed alginate beads as the most suitable carrier to perform efficient cyanide removal, could be advantageous in treating actual wastewater containing cyanide. This observation is consistent with some previously reported articles that suggested a similar level of performance (Dursun & Aksu 2002; Campos et al. 2005; Zhou et al. 2007 ).
Reduced mechanical strength was observed with cells embedded in agar beads which eventually led to decreased cell attachment efficiency. Besides, higher rate of cell leakage was observed with cells encapsulated in agar-agar amounting to 0.034 g/L dry cell weight as compared to only 0.022 g/L dry cell weight with cells encapsulated in calcium alginate, which is in accordance with the findings reported by Zheng et al. (2009) and Adinarayana et al. (2005) . Employing the agar immobilized cells also poses significant drawbacks, such as complexity in producing them in large quantities and difficulty in washing off the oil (Lopez et al. 1997) . It was also clearly evident that 15% loss of cyanide was observed in the control system containing polyurethane foam, while the cyanide concentration decreased only by 2% and 4% with calcium alginate and agar beads, respectively. Polyurethane foam is neutral electrically, assisting in better adsorption capability for the substrate, whereas the calcium alginate and agar matrices possess negative chargers which may repulse the contact of the anion cyanide to the carriers (Chang et al. 2001 ).
Comparison of cyanide-degrading activities of mobile suspended cells and immobilized cells
It can also be inferred that cells entrapped in alginate had higher catalytic stability (Chapatwala et al. 1993) compared to that of resting cells considering the increased cyanide removal efficiency (Fig. 2) . Both free suspension and immobilization system of Rhodococcus UKMP-5M demonstrated effective cyanide-degrading activity at low cyanide concentration of 1 mM KCN with 91% and 94% degradation, respectively, in 10 h. Higher concentration of cyanide at 15 mM KCN witnessed deteriorated ability of cyanide degradation by this bacterium.
Cyanide removal efficiencies dropped dramatically to a mere 6% of 15 mM KCN with conventional free cells cultures, whereas cells encapsulated in calcium alginate eliminated 38% cyanide after 30 h incubation, a significant fall in the cyanide-degrading ability of Rhodococcus UKMP-5M by 93% for resting cells and 57% for immobilized cells. It is also rather apparent from these results that the immobilized cells are more competent in degrading cyanide than the free cells, irrespective of any doses of KCN tested (Zhou et al. 2007 ). It should also be mentioned that the concentration of the released cells in the production vessel was restricted to 0.024 g/L dry cell weight which represented only a slight fraction of the entrapped biomass.
Optimization of calcium alginate matrix for efficient cyanide removal Optimization of sodium alginate concentration. Higher sodium alginate concentration had an adverse effect on cyanide removal efficiency (Fig. 3A) . Reduced cell leakage by 26% was observed when the concentration of the biopolymer was increased from 2 to 4% (w/v) which subsequently improved the durability of the capsules. However, utilizing 4% (w/v) concentration of sodium alginate resulted in 35% lower cyanide-degrading activity as compared to 73% degradation when a solution composed of 3.5% (w/v) sodium alginate was used due to arising diffusional restrictions from reduced pore size of the beads (Elibol & Moreira 2003) . Considering both factors of degradation efficiency and rigidity, 3.5% (w/v) concentration of sodium alginate would be optimal to produce ideal encapsulated beads, which is in agreement with Zhou et al. (2007) .
Optimization of calcium chloride concentration. As depicted in Figure 3B , the mechanical strength of alginate beads seemed to be highly dependent on the concentration of calcium chloride used to formulate the gel capsules. It was found that 29% reduced cell leakage from the capsules was achieved when the concentration of calcium chloride was increased from 0.1 to 0.3 M, which was followed by 34% elevated cyanide removal efficiency, suggesting the concentration of 0.3 M of calcium chloride was optimal for bead formation as supported by Zhou et al. (2007) . Besides, smaller beads were formed with increasing concentration of calcium chloride, which facilitated efficient mass transfer (Smrdel et al. 2008) .
Further increase in the concentration of calcium chloride to 0.4 and 0.5 M resulted in reduced percentage of cyanide-degrading activity amounting to merely 64% and 68% degradation, respectively, as compared to that of 80% degradation when 0.3 M calcium chloride was used. This may be attributed to the fact that the microbial activity was inhibited, indicating that the use of excess hardening reagent could therefore cause damage to the cells (Jianlong et al. 2001) .
Optimization of cell to alginate ratio. The highest percentage of cyanide removal was achieved when 1:3 cell to alginate ratio was employed leading to 81% degradation (Fig. 3C) . Applying cell densities other than 0.33 resulted in lowered percentage of cyanide removal efficiency. An average of 55% degradation with no significant difference (p > 0.05) was observed when cell to alginate ratios ranging from 0.25 to 2 were compared. Furthermore, increased density of cell leakage amounting to 0.024 and 0.023 g/L dry cell weight were observed when the cell to alginate ratio was ≥ 1, which may be caused by the formation of rather delicate beads. The use of small amount of cell culture also resulted in better sphericity of the capsules which promoted better cyanide removal efficiency (Elibol & Moreira 2003) .
Optimization of number of beads. The effect of the initial cell loading which was achieved by varying the number of beads from 50 to 250 was evaluated. It was assumed that the cyanide removal efficiency could be improved by increasing and maintaining high cell densities in the form of number of capsules, which was otherwise not possible in suspension cultures. The results (Fig. 3D) revealed that increasing the number of alginate beads per screwcap bottle up to 200 was accompanied by higher percentage of cyanide degradation up to 79%, as compared to that of 58% when 50 beads per screwcap bottle was used. Greater number of gel capsules contributed to increased total surface area which eventually led to an efficient mass transfer from or to the alginate beads.
Higher or lower number of beads resulted in reduced percentage of cyanide degradation. When the number of beads was increased beyond 200, a drastic fall in the cyanide-degrading activity was observed with 65% degradation. Jianlong et al. (2001) reported that immediate consumption of oxygen rather than diffusion into the beads occurred with increasing cell concentrations in the gel. In addition, the nutrient to bead ratio decreases with higher number of capsules which may act as a limiting factor besides diffusion (Ahmad et al. 2012) .
Optimization of alginate bead size. Similar cyanidedegrading activity totalling to 62 and 60% degradation were obtained with 3.0-3.2 mm and 5.0-5.2 mm, respectively, with no significant difference (p > 0.05). As illustrated in Figure 3E , it was rather clear that the highest percentage of cyanide removal efficiency with 79% degradation was observed with cells entrapped in 1.8-2.0 mm beads.
Smaller beads exhibit better cyanide removal efficiency compared to large size beads. This might be due to increased surface to volume ratio (Idris & Suzana 2006) . A gradual increase in bead diameter beyond 2.0 mm resulted in gradual decrease in the percentage of cyanide degradation. This may be due to development of a mass barrier, whereby less surface area is available for substrate diffusion into and through the beads. Moreover, the capsules with increased bead diameters were more prone to swell and crack during the reaction process, releasing substantial amount of cell into the degradation medium, which led to increased cell leakage by 40% (Zheng et al. 2009 ).
Optimization of solidification time. The results as depicted in Figure 3F indicated that solidification time had significant impact on bioactivity of the immobilized cells of Rhodococcus UKMP-5M. Capsules cured for 30 min were more fragile and easily disintegrated resulting in reduced percentage of cyanide elimination, while cell leakage after 10 h of incubation reached up to 0.029 g/L dry cell weight. Too short an exposure of the gel beads to the calcium chloride solution caused inadequate alginate cross-linking resulting in lowered me- chanical strength of the capsules (Smrdel et al. 2008) . The prolongation of the solidification process from 30 to 120 min led to a 40% higher cyanide removal competency, lowered the cell leakage by 28% and significantly improved the sphericity and durability of the beads accordingly. Further lengthening of the solidification process beyond 120 min yielded in only a slight improvement of the cyanide removal efficiency. Therefore, a curing time of 120 min was chosen for subsequent studies.
Reusability of gel matrix
The cyanide-degrading activity of the encapsulated bacterial cells remained stable without marked activity loss when used at least five times as batch studies with the recovered bacterial capsules, which is in accordance with reported studies by Zhou et al. (2007) and Chen et al. (2008) . The cyanide-degrading ability started to fall progressively at batch six to 70%, as compared to that of 82% degradation at batch one and witnessed 63% and 52% of cyanide removal efficiency at batch 7 and 8, respectively (Fig. 4) . However, the deterioration of the immobilization matrix was not visibly observed in this experiment. The immobilized cells retained almost 96% of their initial cyanide removal efficiency during the first five batches, when each cycle was continued for 10 h. Under these conditions, the entrapped cells system maintained 64% of its initial activity after 8 successive batches. Similar observations were made by Adinarayana et al. (2004) , Konsoula et al. (2006) and Zheng et al. (2009) .
The cell leakage was gradual up to batch five and escalated drastically from batch 6 which may be due to shrinkage, deformation and small cracks in the surface of the beads (Zheng et al. 2009 ). This observation led to reduced cyanide removal efficiency of 52% at batch eight with increased percentage of cell leakage totalling to 57%. Enhanced operational efficiency of the immobilized system was achieved by curing the calcium alginate capsules in 0.3 M calcium chloride solution for 2 h before each reuse. The stability and rigidity of the beads increased when treated with calcium chloride solution, which subsequently lessened cell leakage in the production vessel without affecting the cyanide-degrading ability of the bacterium.
Conclusion
A novel isolate, Rhodococcus UKMP-5M with high cyanide-degrading activity was discovered for potential application in treating wastewater containing cyanide in this study. Higher cyanide removal efficiency amounting to 81% degradation of 12 mM KCN in comparison to that of 48% for resting cells was observed with the optimized immobilized system, which is superior compared to previously published reports. The use of calcium alginate as a carrier for immobilization of Rhodococcus UKMP-5M provided more tolerance towards external shocks including higher level of KCN concentration besides the ability to support higher cell concentration than free suspended cells. Thus, employing immobilized cells in cyanide degradation eliminates many challenges that arise from using mobile conventional whole cell system, such as preservation, susceptibility to substrate toxicity, vulnerability towards changes in pH and temperature, disability to maintain higher density of cells and lower catalytic activity. Besides, immobilization offers repeated use of the biocatalysts which is an added advantage in terms of economic perspective. In future studies, a practical large scale application for treating cyanide-containing wastewater will be developed with cells entrapped in calcium alginate. In addition, metabolic pathways of cyanide degradation will be elucidated through proteomics studies and determination of cyanide detoxification products.
